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We initialize the Quantum Chromodynamic conserved charges of baryon number, strangeness,
and electric charge arising from gluon splitting into quark-antiquark pairs for the initial conditions
of relativistic heavy-ion collisions. A new Monte Carlo procedure that can sample from a generic
energy density profile is presented, called Initial Conserved Charges in Nuclear Geometry (ICCING),
based on quark and gluon multiplicities derived within the color glass condensate (CGC) effective
theory. We find that while baryon number and electric charge have nearly identical geometries to
the energy density profile, the initial strangeness distribution is considerable more eccentric and
is produced primarily at the hot spots corresponding to temperatures of T & 400 MeV for PbPb
collisions at
√
sNN = 5.02 TeV.
Introduction One of the most crucial breakthroughs in
the study of heavy-ion collisions was the understanding
that event-by-event fluctuating initial conditions are nec-
essary to describe two-particle correlations [1] and in par-
ticular the triangular flow v3 [2]. Following this revolu-
tion, initial conditions at µB = 0 first included energy
density fluctuations [3], then initial flow [4–6], and more
recently the full shear stress tensor [7] (see also [8, 9]). At
lower beam energies a finite net baryon density must be
initialized as well, although no single approach to this has
been settled on at the moment [10–13]. These approaches
at finite net baryon densities occur at the nucleonic level
(i.e. they do not consider partonic structure inside the
nucleons) and primarily focus only on initializing the net
baryon density (with the exception of [14]). Important
steps toward incorporating baryon stopping in a CGC
picture have been made as well [15, 16].
Despite the focus on finite net baryon densities, signifi-
cant questions still remain at µB = 0 regarding the three
QCD conserved charges of baryon number B, strangeness
S, and electric charge Q. A tension remains between light
and strange particle yields [17, 18], fluctuations [19], and
flow harmonics [20, 21], and difficulties persist describing
strangeness enhancement in small systems [22] (although
the core-corona approach may be an alternative [23]).
Additionally, there appears to be charge splitting both
in large and small systems [24–26] but the origin of the
effect is still under debate [27, 28]. It is not yet clear if
these issues arise from the initial conditions or medium
effects (such as [29–36]).
In order to disentangle BSQ dynamics from the initial
state versus the medium, we create the first 2D model of
event-by-event sea quark fluctuations on top of a generic
energy density profile at LHC energies as shown in Fig. 1.
Previous studies have focused on quark degrees of free-
dom during the approach to thermalization and chemical
equilibrium [37–40]. In this procedure we first sample
gluons from a generic 2D energy density profile, then the
probability of g → qq¯ splitting into various flavors, and fi-
nally the displacement of the quarks relative to the gluon.
The probabilities utilized in this sampling procedure are
based on multiplicities derived in a previous CGC calcu-
lation [41]. While at LHC energies the sea quarks make
a subdominant contribution to the initial energy density
compared to gluons [42], they provide the leading source
of the conserved charges BSQ.
0 40 80 120 170 200-12
-5
0
5
12
-12 -5 0 5 12
y
(fm)
Energy Density (GeV / fm3)
-1.9 0 1.8
12 -5 0 5 12
-12
-5
0
5
12
Baryon Density (fm-3)
-4.9 -3.3 -1.6 0 1.8 3.7 5.4
-12 -5 0 5 12-12
-5
0
5
12
x (fm)
y
(fm)
Strangeness Density (fm-3)
-5.9 -4.0 -2.0 0 1.8 3.5 5.2
-12 -5 0 5 12 -12
-5
0
5
12
x (fm)
Charge Density (fm-3)
FIG. 1. An event after being fully sampled by the ICCING
algorithm, which supplements the initial energy density with
new distributions of the three conserved charges B,S,Q.
Due to the nontrivial mass threshold of ss¯ pair produc-
tion, the initial strangeness distribution arises not from
the bulk collision geometry, but from hot spots in the
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2initial condition generally in the region where T & 400
MeV. We find that the resulting strange quark geome-
tries are much more eccentric than the bulk, and the
eccentricities of the S+ and S− distributions can differ
significantly from each other on an event-by-event ba-
sis. Additionally, we find that both baryon number and
electric charge experience small but finite fluctuations in
their net eccentricities on an event by event basis, which
can provide an important QCD contribution to measure-
ments of charge splitting [24–26].
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FIG. 2. Quark/gluon multiplicity ratios, normalized by the
coupling αs, as a function of the target saturation scale Qs for
various quark flavors. Here we use the McLerran-Venugopalan
model [43, 44] with cutoff Λ/m = 0.0241.
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FIG. 3. Differential qq¯ splitting probability as a function of
the distance r between them for the McLerran-Venugopalan
(MV) model [43, 44]. In this plot we use the down quark mass
m = 4.8 MeV, representative values of the quark momentum
fraction α = 0.3 and saturation scale Qs = 1.5 GeV, and the
cutoff in the MV model has been taken to be Λ = 1.2 MeV.
The ICCING Algorithm The model we have con-
structed, denoted “Initial Conserved Charges in Nuclear
Geometry (ICCING),” performs a sampling over an ini-
tial energy density profile (~xT ) using the g → qq¯ split-
ting functions calculated from theory to construct the
corresponding sea quark distributions in the initial state.
The details of this model and its parameters are ex-
plained in the accompanying paper [45]. The theoretical
ingredients used in the model are based on the calcula-
tions of [41] within the color glass condensate framework,
resulting in the distributions shown in Figs. 2 and 3 for
representative model parameters. The chemistry ratios
shown in Fig. 2 specify the overall probabilities to pro-
duce qq¯ pairs of different flavors at a given point in the
transverse plane based on the saturation scale Qs(~xT ),
and the probability distribution shown in Fig. 3 specifies
the qq¯ distance. By performing Monte Carlo sampling
of these two distributions, we take an arbitrary input en-
ergy density (~xT ) of gluons and sample it to supplement
the gluon density with the accompanying distribution of
quarks and antiquarks, as depicted in the flow chart of
Fig. 4.
FIG. 4. Flow chart of the ICCING sampling algorithm.
The result is a new distribution of conserved charge
densities – baryon number B, strangeness S, and electric
charge Q – along with a slightly modified energy density
profile. To demonstrate this effect we use initial energy
densities derived from Trento [46] for PbPb collisions at
5.02 TeV. An example of an event after the sampling al-
gorithm has completed is shown in Fig. 1. The resulting
picture is that, while the net total of B, S, and Q is zero
in the initial conditions at top collider energies, there are
significant spatial fluctuations of those charge densities
about zero. These distributions couple to the event ge-
ometry in a manner which depends on the quark flavor
through its mass in two ways. The first is through the
spatial variation of the chemistry ratios in Fig. 2 with
the saturation scale Qs(~xT ); the second is through the
mass threshold 2m needed to produce a quark pair of a
given flavor. The consequence of this spatial dependence
is clearly visible by eye from the event shown in Fig. 1:
the distributions of B and Q closely track the bulk ge-
ometry of the energy density, while the distribution of
3S is qualitatively different. Because of the nontrivial
mass threshold associated with producing ss¯ pairs, the
strangeness distribution tracks the geometry of hot spots
in the event rather than the bulk, providing a different
and unique probe of the initial state. As discussed in
[45], this hot spot production occurs for energy densities
around  & 50 GeV/fm3, which corresponds to tempera-
tures T & 400 MeV for our equation of state.
Results We quantify the initial-state geometry of the
bulk using the ellipticity ε2 of the energy density ,
ε2 ≡
∣∣∣∣∫ d2r (r − rCMS)2 (r)∫ d2r |r − rCMS |2 (r)
∣∣∣∣ , (1)
where
rCMS ≡
∫
d2r r (r)∫
d2r (r)
(2)
is the center of mass of the initial state and we use bold-
face to denote the complex two-vector r = x+iy. We will
refer to the ellipticity associated with the energy density
as the “bulk ellipticity” because it drives the bulk elliptic
flow of all soft particles. As we discuss in [45], the stan-
dard eccentricities for a conserved charge distribution are
ill-defined because the net charge is zero; hence no equiv-
alent center of charge can be calculated analogously to
the center of mass in Eq. 2. Instead we quantify sepa-
rately the geometry of the positive and negative regions
of the conserved charge X ∈ {B,S,Q}:
ρX ≡ ρ(X+) θ(ρX ) + ρ(X−) θ(−ρX ). (3)
Then the corresponding ellipticities of positive and neg-
ative charge X are defined analogously:
ε
(X+)
2 ≡
∣∣∣∣∣∣∣
∫
d2r
(
r − r(X+)COC
)2
ρ(X
+)(r)∫
d2r
∣∣∣r − r(X+)COC ∣∣∣2 ρ(X+)(r)
∣∣∣∣∣∣∣ , (4a)
ε
(X−)
2 ≡
∣∣∣∣∣∣∣
∫
d2r
(
r − r(X−)COC
)2
ρ(X
−)(r)∫
d2r
∣∣∣r − r(X−)COC ∣∣∣2 ρ(X−)(r)
∣∣∣∣∣∣∣ , (4b)
where
r
(X±)
COC ≡
∫
d2r r ρ(X
±)(r)∫
d2r ρ(X±)(r)
(5)
is the center of positive or negative charge. We will also
consider the two- and four-particle cumulants of the el-
lipticity,
ε2{2} =
√
〈ε22〉, (6a)
ε
(X ,net)
2 {2} =
√〈(
ε
(X+)
2 − ε(X
−)
2
)2〉
, (6b)
ε2{4} = 4
√
2 〈ε22〉2 − 〈ε42〉, (6c)
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FIG. 5. The two-particle cumulant ε2{2} of ellipticity as a
function of centrality, which measures the RMS ellipticity of
the distribution.
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FIG. 6. Histogram of the ellipticity distribution ε2 of the
energy density (black) as well as the regions of positive baryon
number (red), strangeness (blue), and electric charge (brown).
These curves are for the 60− 70% centrality class.
where in addition to the standard cumulants, we have
also introduced in (6b) the second cumulant of the net
ellipticity of positive versus negative charge. While on
average the ellipticity of positive charge is equal to the
ellipticity of negative charge, there can be substantial
fluctuations of their relative shapes as quantified by the
RMS value ε
(X ,net)
2 {2}.
First we consider the cumulants (6a), (6c) of the
positive-charge ellipticity; the cumulants of negative-
charge ellipticity are nearly identical at LHC energies.
We note that this is foremost a way of quantifying the
initial state. Until we are able to couple these initial
conditions to a full BSQ hydrodynamics code, it is un-
clear if the initial strangeness distribution will experi-
ence predominately linear response, as is seen for bulk
charged particles [47–50]. We suspect that for kaons and
lambdas that only carry one strange quark, a nontrivial
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FIG. 7. The ratio of the fourth and second cumulants of el-
lipticity as a function of centrality, which measures the event-
by-event fluctuations of ε2. The closer this ratio is to unity,
the fewer the fluctuations.
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FIG. 8. The two-particle cumulant of the net ellipticity (6b)
as a function of centrality, which measures the RMS deviation
in ε2 between positive and negative charge.
mixing between the bulk and strange eccentricities will
occur; however, multi-strange hadrons such as cascades
and omegas may be more sensitive to the initial state of
strangeness. In Fig. 5 the RMS ellipticities ε
(X+)
2 {2} are
plotted for conserved charges X ∈ {B+, S+, Q+} com-
pared to the bulk. One finds that the baryon number
and electric charge track the bulk energy density nearly
exactly but that strangeness is significantly more eccen-
tric. This is a natural consequence of the strange quark
production that occurs in the core of an event due to
fluctuating hot spots.
The next natural question is if the distribution of the
strangeness ellipticity is also affected on an event-by-
event basis and, indeed, that appears to be the case, as
shown in Fig. 6. In Fig. 6 the ellipticity distributions
are plotted after normalizing by the mean to remove the
offsets already seen in Fig. 5. We illustrate the centrality
class 60−70% because the differences are quite dramatic
there and one finds a significantly wider distribution for
strangeness than for the bulk. In fact even the distribu-
tions of baryon and electric charge ellipticities are slightly
wider than the bulk, but this difference is so small we do
not expect it to be measurable.
These differences in fluctuations are also reflected in
the observable ε2{4}/ε2{2}, which is perhaps a more
meaningful observable since at least for the bulk, medium
effects mostly cancel out [50–53]. This observable allows
one to directly compare the width of the ε2 distribution
seen in Fig. 6 across centrality, with ε2{4}/ε2{2} → 1
when there are fewer fluctuations. The results plotted in
Fig. 7 show that the fluctuations of strangeness also differ
from the bulk in a systematic way. In central collisions,
the value is larger for strangeness than in bulk, reflecting
fewer event-by-event fluctuations. In mid-central and pe-
ripheral collisions, the value is smaller for strangeness, re-
flecting more event-by-event fluctuations. Both of these
effects indicate that the hot spot geometry of strangeness
is less sensitive to the presence or absence of the overall
elliptical collision geometry than the bulk.
We note that in Fig. 13 of [52] it was proposed that the
ratio ε2{4}/ε2{2} for identified particles could be impor-
tant for constraining properties of conserved charges such
as BSQ diffusion [31–33, 54]. In that paper no initializa-
tion of strangeness was considered and, indeed, kaons
were found to track identically with pions and protons
for ε2{4}/ε2{2}. Depending on the strength of linear
response for strangeness, it may be that ε2{4}/ε2{2} of
strange hadrons should, in fact, differ from light hadrons.
Up until now, we have only considered the positive half
of the conserved charge distributions. However, it is also
interesting to study quantities sensitive to the difference
between the positive and negative charges, since these
are subject to conservation laws. While we reiterate that
the proper definition of an eccentricity is unclear for con-
served charges at µB = 0, we can use the net eccentricity
defined in (6b) as a “best guess” estimator from the ini-
tial state. This quantity is a well-defined descriptor of the
initial state, and it has the right symmetry properties to
describe the flow of net conserved charges on an event-by-
event basis. Confirming or refuting the predictive power
of this observable will require full hydrodynamic results
on the final flow of strange hadrons.
In Fig. 8 we plot the second cumulant of the net ellip-
ticities and find the rather non-trivial effect that positive
and negative charge geometries can differ substantially
on an event-by-event basis, even for baryon number and
electric charge. In fact, the width of the event-by-event
fluctuations for B and Q is about 10% of the size of the
bulk ellipticity; this effect could be an important back-
ground contribution to the charge splitting of the chiral
magnetic effect which needs to be taken into account.
Less surprisingly, we find once again that strangeness
has larger fluctuations, in this case for the event-by-event
5fluctuations of the net ellipticity of strangeness.
Conclusions For the first time we provide realistic
event-by-event initial conditions of not only the initial
energy density profile but also the initial BSQ density
distributions. These initial conditions, obtained by sam-
pling CGC multiplicity distributions of gluons and sea
quarks, indicate that strangeness is produced in the core
of the collision at temperatures above T & 400 MeV with
a significantly more eccentric shape.
If we find that linear response holds for strangeness,
then there are a number of tantalizing consequences from
this new approach. For instance, one would then expect
that strange hadrons are more likely to have a larger v2
than inclusive charged particles, although care must be
taken in exactly how the comparison is done. The flow of
a strange hadron such as a kaon reflects a combination of
the flow seen by strange quarks and light quarks, which
will partially dilute the hot spot effect seen here. In or-
der to avoid a further dilution, it is important to compute
the v2{2} from correlations of two strange hadrons with
each other, rather than one strange hadron with one in-
clusive charged hadron. Multi-strange hadrons, on the
other hand, could see an enhancement in the flow of cas-
cades or omegas.
Future studies will explore the initial to final state pro-
duction of identified hadrons using full-fledged BSQ hy-
drodynamics. This may also shed light on the light vs.
strange flavor hierarchy, where there is a tension between
the spectra and v2 in theory-to-experimental-data com-
parisons [20, 21, 55, 56]. Additionally, it may eventually
be possible to constrain initial condition models including
strangeness through v2{4}/v2{2} of identified particles,
analogously to what is done in the soft sector [50–53].
Again, careful consideration of how to compare the flow
of positive versus negative strangeness is essential. One
cannot, for example, simply subtract v2{2} of K+ from
v2{2} of K−; this would measure the difference between
the RMS flow of these particles, which we find to be
zero. Instead, one must measure v2{2} of the net kaon
flow: the RMS of the event-by-event difference between
K+ and K−. We strongly encourage experimentalists to
investigate this observable for different strange hadrons,
which should be possible in ALICE or STAR.
Certainly these fluctuations in the geometry of positive
versus negative charge are the largest for strangeness, but
even baryon number and electric charge exhibit these
non-trivial fluctuations. We emphasize that with ICC-
ING there is now a rich plethora of opportunities for
studying the physics of conserved charges at the LHC
simply due to local fluctuations, including the charge
correlations of interest for the chiral magnetic effect in
particular. Furthermore, there is now an opportunity
to constrain model parameters such as BSQ diffusion at
energies with high statistics before models are then ex-
tended to the Beam Energy Scan. Constraining these
transport properties in the µB = 0 regime, where heavy-
ion collisions are best understood, is a critical baseline
for studying how charge diffusion may be changed by a
critical point at finite µB .
This work also provides a path forward for combining
knowledge from extracted sea quark parton distribution
functions (PDFs) with initial conditions of heavy-ion col-
lisions. In a future work we plan to make this connection
explicit by replacing the CGC-motivated distributions
shown in Figs. 2 and 3 with the sea quark PDFs. Be-
cause the mass thresholds of the quarks play the largest
role in the hot spot effect, we anticipate that the strange
quarks will still be produced with a significantly differ-
ent geometry from the bulk, but now with the overall
chemistry set by the PDFs. Additionally, future stud-
ies will also explore system size effects, the inclusion of
Pauli blocking between quarks [57, 58], pre-equilibrium
effects, and varying the background energy distributions
(beyond just Trento with p=0). Long term goals include
the implementation of ICCING in full 3D initial condi-
tions with nontrivial rapidity dependence and extending
our sampling routine to finite baryon densities. Specifi-
cally, it would be interesting to see if the inclusion of the
strange quark distribution would allow for a BSQ hydro-
dynamic picture to describe strangeness enhancement in
small systems.
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